Efficient exciton transfer from epitaxial quantum wells (QWs) to colloidal nanocrystal quantum dots (NQDs) is critical to the energy efficiency in hybrid optoelectronic devices in which QWs and NQDs are interfaced, including color conversion light emitting diodes (LEDs) of NQD nanophosphors. Previously, Basko et al. theoretically proposed that Förster-type nonradiative energy transfer (ET) can be used as an efficient means of pumping luminescent materials, 1 and Achermann et al. experimentally demonstrated ET pumping of semiconductor nanocrystals using an epitaxial quantum well 2 in a LED architecture. 3 Additionally, white light generating ET pumping was also later shown. 4 However, for a practical implementation of ET pumping in a standard electrically driven LED device, there exist two competing factors. One is that a relatively thicker contact layer is needed for efficient current injection into the quantum well region to avoid current crowding. The other is that the distance (d) dependence of the energy transfer rate (! d
À4
) in the planar configuration, which forces to use exceedingly thin layers. By considering this trade-off, Achermann et al. integrated CdSe nanocrystal quantum dots on top of a very thin capping layer of 3 nm in thickness.
3 Although the energy transfer was achieved, the resulting energy transfer efficiency was yet less than 50% at room temperature. Also, previously multiple layers of NQDs were investigated for excitonic energy transfer among the NQDs. 5, 6 Enhanced photoluminescence was observed in these NQD systems, which was attributed to the recycling of trapped excitons via Förster-type nonradiative energy transfer. Such layered NQDs were also used to tune the color by ET within the NQDs. For our QW-NQD hybrid model system, we grew a single InGaN/GaN QW emitting in violet region using standard metal organic chemical vapor deposition. For the nanophosphors, we synthesized thiol-capped green-and red-emitting CdTe NQDs following standard colloidal synthesis. 8 The emission spectra of the resulting QW and NQDs are shown in Fig. 1 . To form the QW-NQD hybrid system, we assembled NQDs layer by layer. We prepared samples consisting of bilayers of only green-emitting NQDs, of only red-emitting NQDs, and of green-and red-emitting NQDs. For time-resolved spectroscopy, we employed a FluoTime 200 spectrometer (from PicoQuant) with a calibrated time resolution of 32 ps, along with a pulsed laser diode at 375 nm as the excitation signal and a photon multiplier tube as the detector. We measured the timeresolved dynamics of the hybrid system at 414, 530, and 610 nm, which correspond to the respective emission peaks of the violet-emitting QW and the green-and red-emitting NQDs. Because of the finite temporal response of the pulsed laser excitation as shown in Fig. 2 , the decay dynamics measured in experiments include the photoluminescence decay convoluted with the laser response. For the data analysis, we utilized FluoFit software by means of which we introduced the instrumental response function in our analysis. Using the numerical fitting module of FluoFit, due to the convolution, the resulting numerical fits were not pure exponential functions, similar to the measured time-resolved responses.
We investigated the QW emission dynamics at the wavelength of 414 nm as the exciton donor for the integrated NQD bilayer. As the reference, the lifetime of the quantum well alone (without NQDs) is measured to be 1.32 ns (i.e., c QW ¼ 0:757 ns À1 ). After the integration of the energy gradient bilayer consisting of green-and red-emitting CdTe NQDs on the QW, the lifetime is shortened down to 0.22 ns (i.e., c HYBRID ¼ 4:545 ns À1 ). By subtracting the rate of the hybrid structure from the only QW case (i.e., c ET ¼ c QW Àc HYBRID ), we predict an exciton transfer rate of c ET ¼ 3:787 ns À1 . We calculate the exciton transfer efficiency using g ¼ c ET = ðc ET þ c QW Þ and the resulting ET efficiency is found to be 83.3%. This strong ET efficiency means that most of the generated excitons in the QW are transferred to the NQDs. To observe the effect of the energy gradient, we also studied the case for a bilayer of only red-emitting NQDs. In this configuration, the QW lifetime at 414 nm is found to be longer than that in the hybrid case of green-and red-emitting NQDs integrated on the QW because the bilayer of red-emitting NQDs does not form a strong internal energy gradient for excitons in QW to be efficiently advanced toward the last NQD layer. Fig. 2 shows that the QW photoluminescence decay using the red-emitting NQD bilayer is slower with respect to that using the energy gradient construct. The QW lifetime in the presence of the red-emitting NQDs bilayer is measured to be 0.65 ns. Thus, in the case of using the red-emitting NQD bilayer, the exciton transfer is observed to be weaker, with a lower rate of 0.780 ns À1 and a smaller ET efficiency level of 50.7%. Therefore, for efficient exciton migration from QW to NQDs, the hybridization of energy gradient is more advantageous.
We further investigated the exciton transfer dynamics at the acceptor green-and red-emitting NQD emission peaks to verify that the decreased lifetime of the donors results from the Förster-type exciton transfer to the acceptors. The exciton dynamics for the green-emitting NQDs at 530 nm is provided in the inset of Fig. 3 . We observe an increased green NQD lifetime for the hybrid green-and red-emitting NQD bilayers on the QW because of strong energy feeding from the QW with respect to the control groups of only greenemitting NQDs bilayer on glass substrate, and green-and red-emitting NQDs bilayers on the glass substrate. In Fig. 3 , the time-resolved spectroscopy for the red-emitting NQDs at 610 nm is shown. Here, the red NQD decay of the green-and red-emitting NQD bilayers on the QW is significantly slower than the control groups. Furthermore, the decay of the energy gradient bilayer reaches its maximum later than the other control groups again because of the strong exciton feeding. As a result, we can conclusively state that excitons are transferred from the QWs to the NQDs via Förster-type nonradiative energy transfer and substantially more in the case of energy gradient NQD bilayer. We also theoretically investigate exciton transfer in the QW/NQD/NQD hybrid system by developing a model based on density matrix formalization of near-field interactions (see supplementary material 10 ). We first consider the excitation transfer between a QW to a bilayer of the green-and red-emitting NQDs. The energy diagram for this configuration is given in the inset of Fig. 4 . The density matrix q AB , which corresponds to the energy level E 1 , is governed by the master equation
where N AB C is a diagonal matrix whose diagonal elements are given by c a and C a . Here, c a is the exciton recombination rate ðc a ¼ 1=s a Þ and C a is the sublevel relaxation rate. V NF;AB is the interaction between the levels with energy E 1 given by hU AB . The master equation corresponding to the density matrix q BC with the energy level E 2 can be written as
where P C ðq AB Þ represents the relaxation form the energy level E 1 to E 2 ; V NF;BC and N BC C are defined similar to Eq. (1). Finally, the master equation for the density matrix q C with the energy level E 3 is derived as
where P C ðq BC Þ represents the relaxation from the energy level E 2 to E 3 , and N C C is a diagonal matrix with matrix elements c a . For the NQDs, we assume c QD1 % c QD2 % 1 5 ns and C QD1 % C QD2 % 1 10 ps . For the QW, we take c QW % 1 1:32 ns . For the interaction between the nanocrystals, we use U AB ¼ U BC ¼ 1 100 ps . 9 Next, we calculate the exciton population for each complex. We use the following matrices:
where q C is the exciton population of the first excited state of the second NQD layer, q Numerical results for the exciton population are shown in Fig. 4 . From this plot, it is observed that it takes about 1 ns for an exciton in the QW to be transfered to the second NQD layer. Also, this plot illustrates the exciton population of the intermediate states. The transfer efficiency from the QW to the last layer is about 70%, as depicted in Fig. 4 . This result agrees with the experimental value of 83.3%. The advantage of the energy gradient NQDs system is that the exciton is funneling to the lowest energy state via near field interaction. This process is unidirectional because of the fast interband relaxation between the energy levels avoiding the nutation process between the dots. Therefore, the probability of exciton transfer to the first excited state of the second NQD layer from the other layer can significantly be improved. In the other case of exciton transfer from a QW to a bilayer of red-emitting NQDs, the nutation process between the first and second NQD layers is observed, meaning that the excitons oscillate between the first excited state of the NQDs (see supplementary material 10 ). This is because of the fact that both layers are made of the same NQDs, and their energy levels are in resonance. The transfer efficiency from the QW to the last layer is about 45%, and this result also agrees with the experimental value of 50.7%. In summary, these results suggest that introducing an energy difference across the NQD layers in the optical near field enhances the exciton transfer from the QW to the last NQD layer.
In conclusion, we demonstrated strong exciton migration from an epitaxial quantum well to layer-by-layer assembled energy gradient of colloidal quantum dots and studied the Förster-type exciton transfer dynamics of both QW and NQD emissions. Our hybrid model system achieved an exciton transfer efficiency of 83.3% at room temperature. The energy gradient with the green-and red-emitting NQDs provided an increased level of exciton transfer efficiency, with an enhancement of 64.2% compared to the bilayer of red-emitting NQDs. Substantially, enhancing the exciton transfer from QW to NQDs, the energy gradient in QW/NQD/NQD opens up possibilities for optical near field devices. Mastering excitonic pathways in such cascaded systems enables exciting opportunities for future high-efficiency excitonic devices.
